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The effect of all-trailS retinoic acid (atRA) on palatal fusion and the underlying mechanisms were inves
tigated using organ culture. Compared with control group, the atRA-treated group (1 /-lM and 5 /-lM) had 
more medial edge epithelium (MEE) remaining within the midline epithelial seam (MES). At 10 /-lM 
atRA, the opposing shelves were not in contact at the culture end (72 h). Cell death detection by TUNEL 
and laminin immunohistochemistry demonstrated that atRA (5 /-lM) induced apoptosis in mesenchyme 
and inhibited degradation of basal lamina within MES. Notably, migration and apoptosis of MEE cells 
and degradation of basal lamina within MES markedly represented vehicle control palatal shelves in 
culture. Additionally, apoptosis was not detected in mesenchyme of control palatal shelves.lmmunoblotting 
analysis revealed that Smad2 and Smad3 were endogenously activated and expression of Smad7 was 
inhibited during the fusion process. In contrast, atRA treatment abrogated phosphorylation of Smad2 and 
Smad3 and inducible expression of Smad7 in MEE. From these data, it is assumed that inhibition of Smad 
pathway by atRA in MEE may play a critical role in abrogation of the MEE cell apoptosis and degradation 
of the basallaminin, which might contribute to failure of palatal fusion. 
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INTRODUCTION 

In mammals, the secondary palate forms by the fusion of a pair of shelves that origi
nate from the inner side of the maxillary process. Upon meeting at the midline of the 
oropharyngeal cavity, the shelves adhere to each other at their medial edge epithelia 
(MEE) giving rise to the medial epithelial seam (MES). Disappearance of MES is 
required to allow merging of the mesenchyme from both palatal shelves. This 
involves complex changes of MEE cells and surrounding structures that are control
led by several genes whose spatio-temporal expression is tightly regulated. There are 
several lines of experimental evidence which indicate that the transforming growth 
factor ~ isoforms (TGF-~l, 2 and 3) are molecules which regulate these processes in 
the developing palate. The mRNA and proteins for the three isoforms have restricted 
spatial-temporal patterns of expression during palate growth and remodeling [11]. 
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Mutations of the TGF-beta3 gene give rise to cleft palate in both humans [15] and 
mice [18] and the addition of TGF-~3 into culture media rescued the fusion of the 
palates from TGF-~3-null mice [22]. 

TGF-~ initiates signaling by triggering a phosphorylation cascade initiated by 
TGF-~ receptors (T~Rs) and members of Smad family. Phosphorylated Smad2 and/ 
or Smad3 then bind their common partner, Smad4, to form a heteromeric complex, 
which then translocates to and accumulates in the nucleus, where it acts as a transcrip
tion factor [16]. Smad7 functions as negative regulators of the TGF-~ signaling path
way. Smad2 phosphorylation was shown to be spatially restricted to the MEE and 
temporally correlated with the disappearance of the MEE during palatal fusion. In 
Tgf-~3-/- mice, no phosphorylated Smad2 was identified in the MEE [8]. 
Overexpression of phospho-Smad2 could rescue cleft palate [9]. These results sug
gested that the activation of Smad pathway in MEE was required for palatal fusion. 

All-trans retinoic acid (atRA) , the oxidative metabolite of vitamin A, regulates 
cellular growth and differentiation during embryonic development. In excess, this 
vitamin is also highly teratogenic to animals and humans [12]. One commonly stud
ied defect produced by excessive RA is cleft palate. RA regulates the expression of 
all three isoforms of TGF -~ in a variety of systems, including embryonic cells and 
tissues [1, 11]. The crosstalk between the RA and TGF-~ signaling pathways is 
important for cellular proliferation and differentiation [14, 25]. However, these inter
actions and the understanding mechanisms of teratogenesis, in embryonic develop
ment are poorly understood. 

To evaluate the effects of high doses of atRA on palatal fusion and the underlying 
mechanisms, we used the ex vivo organ culture model of palatal development. Our 
hypothesis was that atRA would adversely influence the disappearance of MES dur
ing palatal fusion, which might involve inhibition of phospho-Smad2. The results of 
this study may be conductive to explain the etiology of cleft palate occurring in 
fetuses exposed to RA-related chemicals. 

MATERIALS AND METHODS 

Animal maintenance and organ culture 

ICR mice were maintained under a reverse light/dark cycle, and males were placed 
with females for 2 h during the dark phase. The presence of a vaginal plug was estab
lished at day 0 and hour 0 and mice were sacrificed at embronic day 13 (E 13). Palatal 
organ culture was carried out according to the procedures described previously [21]. 
Briefly, mouse palatal shelves at EI3 were dissected out in cold-MEM medium con
taining 25 mM Hepes. The dissected palate shelves were paired on Millipore filters 
with their medial edges in contact. The palatal shelves were cultured at the air-fluid 
interface in BGJb medium using Grobstein organ culture dishes (GlBCO, Grand 
Island, NY) at 37 QC in 5% C02 for up to E13 +72 h with a medium change every 24 
hours. 
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Histology, immunofluorescence and TUNEL procedure 

After cultivation, palatal explants were immersion-fixed in 4% paraformaldehyde 
buffered with 0.1 M sodium phosphate (pH 7.4). They were dehydrated with ethanol 
and xylene, and embedded in paraffin according to standard procedures. From the 
palatal samples 5 flm serial sections were cut in the frontal plane of mounted on 
slides, and stored at room temperature (RT) until further processing. 

Cell death detection by the TUNEL method was performed using commercial kits 
(Roche, Mannheim, Germany) and according to the manufacturer's instructions. 
Briefly, sections were dewaxed and rehydrated according to standard protocols. After 
rehydration, the sections were treated with proteinase K (20 flg/ml in 10 mM Tris/ 
HCI, pH 7.4-8.0 for 30 min at 37 QC), rinsed with PBS, and then were immersed in 
permeabilisation solution (0.1 % Triton X-lOO in 0.1 % sodium citrate) (2 min on ice). 
Endogenous peroxidase activity was blocked by 3% H20 2 in methanol for 10 min at 
RT, and then incubated with TUNEL reaction mixture buffer for 30 min at 37 QC. The 
reaction was terminated by transferring the slides to TB buffer (300 mM sodium 
chloride, 30 mM sodium citrate) for 15 min at RT. 

After the TUNEL reaction, the same sections were incubated with 5% normal goat 
serum and 1 % bovine serum albumin in PBS for 20 min, and then reacted overnight 
at 4 QC with a 1 :5000 dilution of rabbit anti-Iaminin antibody (Sigma, St. Louis, MO) 
as a primary antibody. After washes three times with PBS, the sections were reacted 
with a 1 :50 dilution rhodamine (R1TC)-conjugate goat anti-rabbit IgG second anti
body and a I: 100 dilution fluoresce in (FTTC)-Iabelled avidin. The slides were rinsed 
with PBS, coverslipped with anti fade for observation under a fluorescence micro
scope. 

Immunoblotting analysis 

After cultivation, palatal shelves were harvested at 24 h (n = IS palates/treatment 
group/experiment). To reduce the contamination by mesenchyme, the middle I mm 
(0.5 mm on either side of the MEE) of the palates were dissected and placed in lysis 
buffer (1% NP-40, 10% glycerol 20 mM Tris-CI, pH 7.5, ISO mM NaCI, I mM 
EDTA, I mMEGTA, I mM NaV04, and IOmMNaP04)inthepresenceofapro
tease inhibitor solution consisting of I mM phenyl methyl sulfonylfluoride (PMSF), 
I flg/ml aprotonin, I flg/mlleupeptin, and I flg/ml pepstatin. Lysates were then sub
jected to 12% SDS-PAGE, transferred to nitrocellulosemembranes (50 flg/lane), and 
incubated with primary antibodies and horseradish peroxidase-conjugated secondary 
antibodies (Santa Cruz Biotechnology) according to manufacturer's protocol. Bound 
antibody was visualized using enhanced chemiluminescence (Amersham Bio
sciences). 
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RESULTS 

atRA exposure inhibited palatal fusion 

To determine the effect of atRA treatment on palatal fusion, atRA-treated and untreat
ed palatal shelves were examined by histological examination at the end of 72 h pal
ate organ culture. Control palate organ cultures fused completely, the shelves became 
continuous, and MEE disappeared completely (Fig. lA). atRA-treated palatal shelves 
had remaining MEE that were adherent at concentrations of both I flM (Fig. I B) and 
5 flM (Fig. I C); at lO flM atRA, there was no contact in the midline (Fig. I D), indi
cating that atRA inhibited palatal fusion. 

vehicle control IIlM atRA 

slIM atRA lOIlM atRA 
Fig. 1. atRA inhibited palatal fusion. Hematoxylin and eosin staining of coronal sections of palatal shelf 
cultures maintained in organ culture for 72 h with or without atRA treatment. Figures here are representa

tive of three similar experiments 
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vehicle control 5 ~MatRA 

Fig. 2. atRA inhibited apoptosis of MEE cells and degradation of the basal laminin. Palatal shelves 
treated with 5 IlM atRA or vehicle control were harvested at the end of 72 h culture, respectively. Cell 
death detection by TUNEL and laminin immunohistochemistry were performed on the same slice. Arrow 
indicates apoptotic nuclei (magnification x400). Figures here are representative of three similar experi-

ments 

control 5 ~ atRA 
I I I 
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Fig. 3. atRA inhibited Smad pathway. Palatal shelves treated with 5 IlM atRA or vehicle control were 
harvested at the end of 24 h culture. The midline region of each pair of palatal shelves was dissected, and 
then Westernblot was performed to study the changes of Smads in the MES. Figures here are representa-

tive of three similar experiments 
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atRA inhibited apoptosis of MEE cells 
and degradation of the basal laminin 

147 

To determine the effects of atRA on apoptosis of MEE cells and the surrounding 
structures, cell death detection by TUNEL and laminin immunohistochemistry were 
performed on the same slice. In vehicle control palates, a mesenchymal confluence 
was established across the palate, the basal laminin within MES wad degraded, and 
many dying cells within the epithelial triangles and few dying in the MES (arrow) as 
indicated by the surrounding basal lamina was observed. In the palates treated with 
5 flM atRA, TUNEL staining indicated that cell death was almost completely pre
vented in MEE cells, the basallaminin was intact, and apoptosis in mesenchyme cells 
was observed (Fig. 2). 

atRA inhibited Smad pathway 

Given the critical roles played by TGF-~3 and Smad, it is rational to hypothesize that 
atRA might alter Smad signaling during palatal fusion. Data from Westernblot analy
sis demonstrated that atRA treatment abrogated phosphorylation of Smad2 and 
Smad3 and resulted in an increase in protein expression ofSmad7 (Fig. 3), suggesting 
that Smad2 inactivation and inhibition of Smad pathway in the MEE are involved in 
atRA-induced failure of palatal fusion in vitro. 

DISCUSSION 

During vertebrate palatogenesis, the opposing shelves meet at the midline of the 
oropharyngeal cavity and then the shelves adhere to each other at their medial edge 
epithelia (MEE), which give rise to the medial epithelial seam (MES). Disappearance 
of the MES is necessary to acquire fusion of the opposing palatal shelves. Several 
cellular mechanisms orchestrate the disappearance of MEE and the final palatal 
fusion. MEE cell death was until only recently implicated in MES degeneration 
[5, 7]. Migration ofMEE cells towards the nasal and oral regions has also been pro
posed to participate in shelffusion [3]. In this study, we found that atRA at concentra
tions of I flM and 5 flM detained MEE within MES and inhibited MEE cell apopto
sis. At 10 flM atRA, the opposing shelves did not merge at the end of the culture 
(72 h), whereas the shelves completely fused at the end of 72 h culture in the vehicle 
control group. Cell death detection by TUNEL and laminin immunohistochemistry on 
the same slice demonstrated that atRA (5 flM) induced apoptosis and inhibited deg
radation of basal lamina within MES. The observation that induction of mesenchymal 
apoptosis by atRA is consistent with previous report [23]. As compared to atRA treat
ment, apoptosis of MEE cells and degradation of basal lamina within MES markedly 
characterized the palatal shelves in control culture. Notably, the apoptosis of most 
MEE cells was detected in the epithelium trigone, suggesting that some MEE cells 
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migrated to and died in this area during palatal fusion. Inhibition of apoptosis and 
migration of MEE cells by atRA might partially account for atRA-induced cleft 
palate. 

In early development, specific laminin isoforms influence neural crest cell migra
tion and differentiation [17]. Expression of specific laminin isoforms is thought to 
direct axonal migration to the synapse at the neuromuscular junction in both develop
ment and wound repair [2, 13]. The basal lamina has also been considered to be an 
essential survival factor for epithelial cells in vitro and in vivo [4, 26]. Tt has been 
shown that during mammary gland involution or Muller duct regression, disrupting 
the underlying extracellular matrix induces epithelial cell death [19,20]. In the palate, 
the basal lamina degradation activity is restricted to the dying MEE cells, suggesting 
that specific signals give them this property. Additionally, it has recently been dem
onstrated that apoptosis of MEE cells activated basal lamina degradation [6]. In the 
present study, we found that atRA treatment detained basal lamina persistently 
remaining within MES with no apoptosis of MEE cells. Thus, it is suggested that 
abrogation of apoptosis of MEE cells may have a role in the inhibition of basal lam
ina degradation by atRA. However, it is necessary to further investigate the relation
ship between degradation of basal lamina and palatal fusion and the underlying 
biosignaling. 

Second palatal fusion involves complex changes of the MEE cells and surrounding 
structures that are controlled by several growth factors whose spatio-temporal expres
sion is tightly regulated, among which, TGF-~3 is likely to play the most important 
role, since mutation of the TGF-~3 gene causes cleft palate in both mice [18] and 
humans [15]. TGF -~3 initiate intracellular transcription signaling by triggering a 
phosphorylation cascade initiated by TGF-~ receptors and members ofthe Smad fam
ily. The inhibitory Smad7 function as negative regulator of the Tgf-~ signaling path
way. Tt is demonstrated that Smad2 phosphorylation could be spatially restricted to 
the MEE and temporally correlated with the disappearance of the MEE during palatal 
fusion and that overexpression of Smad2 in Tgf-beta3-null mutant mice could rescue 
cleft palate [9]. Mice deficient in Smad2 are unable to form the embryonic mesoderm 
and die during or immediately after gastrulation, preventing the use of these mice in 
palatal studies [24]. In contrast, Smad3 knockout mice are born alive and lack obvi
ous developmental defects, suggesting that the role of Smad3 in palatogenesis, if any, 
is redundant and that it can be functionally compensated by Smad2 [10]. Our finding 
implied that Smad2 inactivation and inhibition of Smad pathway in the MEE are 
involved in atRA-induced cleft palate in vitro. 

Taken together, atRA inhibits palatal fusion in organ culture through a direct effect 
on the MEE. atRA treatment results in maintenance of MEE in the midline seam by 
detaining the basal lamin and decreasing MEE cell apoptosis. atRA treatment abro
gated phosphorylation of Smad2 and Smad3, but resulted in an increased expression 
of Smad7, implying that Smad2 inactivation and inhibition of Smad pathway in the 
MEE are involved in the atRA-induced failure of palatal fusion in vitro. 
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